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A Comprehensive Understanding of Fission?
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T-2 Nuclear Physics Group, Theoretical
Division, LANL
T-2 group

(working on nuclear fission) Selected Fission Topics

e Toshihiko Kawano

« Patrick Jaffke (postdoc) ¢ Fission fragment yields Y(A,Z, TKE)
« Skip Kahler*

« Eric J. Lynn (consultant)

» Peter Moller*
¢ Correlations in prompt fission data

. a P fissi
. Arnie Sierk* ¢ Prompt fission y rays

* |onel Stetcu
 Patrick Talou
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Fission Fragment Yields

(slide borrowed from Peter Moller & J. Randrup)

Brownian shape motion

Five Essential Fission Shape Coordinates

Nuclear deformation energy: E (i,jk,I,m)

Bias potential: V, (i) = V, (Q,/Q,)?

Level density parameter: a, = A/(8 MeV)

[—— 45 Q,~ Elongation (fission direction)

i ®
—— 35 o, ~ (M1-M2)/(M1+M2) Mass asymmetry
] 38 .
. * = —_ 1 ~ Leftf t deformati
Temperatu re 7'. E _ Edef = aA T2 X k ®5 By eft fragment deformation
| —_— 1®5 £, ~ Right fragment deformation
15 d ~ Neck

m —

= 5315 625 grid points - 306 300 unphysical points
= 5009 325 physical grid points

=> V(X) = Edef + Vbias

P. Moller et al, Nature 409 (2001) 785

Metropolis walk: N. Metropolis et al, ] Chem Phys 26 (1953) 1087
V(x’) < V(x): move with P =1

Ch hape: x, —> %' ? ’
ange shape: X { V(x') > V(x): move with P = exp(-AV/T)

Scission: Critical neck radius ¢, = 2.5 fm

JR: NPF 2010
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Selected results
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Fission Fragment Yields

. . PP
* Results are very promising St oot
P. Méller and C. Schmitt, EPJA 53, 7 (2017) = z
S5 F .
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Langevin model calculations

« Classical dissipative system with fluctuating damping forces

Nuclear shape coordinates

/ Inertia tensor

5 = = = M, ' pi
apj apj apj g Stochastic
e ) e . \/ﬁ @ function
¢ = ¢ qrqr — nijk 'Yyk k(
DISSIpatlon tensor Nuclear temperature
A. J. Sierk
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Some results with the Langevin model
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Fission Fragment properties within
TD-SLDA

Highlight from first microscopic calculation of
240Py fission:
Fully unrestricted 3D calculation with
full nuclear energy density functional
Long evolution times from outer fission
saddle to full scission
TKE predicted within 3% of expected
values
Light fission fragment heavily
deformed, heavy fission fragment
spherical (as expected)
Demonstrated the essential role played
by pairing correlations in nuclear shape
evolution

Theory with Nuclear Energy Density
Functional a la Skyrme

9 U o U 9 Ui

(neutron incident energy):

- Average mass, charge, excitation
Bulgac et. al, PRL 116, 122504 (2016) energy, and angular momentum
- TKE of fission fragments

|. Stetcu
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l \ f. . f t t .

-0.083 -0.93
« Significant amount of collective 1-o0ss @ “ Yoe
iri i i -0 -031
shape and pairing oscillations o0z ’

o 5 . : . S * Time from saddle to fission is oo yee

= — .--'.”' ngw . 006] B
A48 — L 4_’ 1 sensitive to the functional § . a e
E 3:4 ORI T s "-Ww...,.-:'i:--:;l" Kot S - 1 o .
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% a5l TS W‘ . \/C ]
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TABLE 1. The simulation number, the pairing parameter n, the excitation energy (E*) of gjOPul 4 and of the fission fragments

(E}; ;. = Eni(tss) — Egs(Np 1, Zy )], the equivalent neutron incident energy (E,,), the scaled initial mass moments g, (0) and g3((0),

the “saddle-to-scission” time rgg, TKE evaluated as in Ref. [71], TKE, atomic (A7*"), neutron (N7*"), and proton (Z;*') extracted from
data [72] using WahlI’s charge systematics [73] and the corresponding numbers obtained in simulations, and the number of postscission
neutrons for the heavy and light fragments (vy ; ), estimated using a Hauser-Feshbach approach and experimental neutron separation

energies [8,74,75]. Units are in MeV, fm?, fm®, fm/c as appropriate.

Sno. g E* E, gq, - tss TKE™ TKE AP A, NYY N, ZP?% 2z, E;, E vy u

Sl 0.75 8.05 1.52 1.78 -0.742 14419 177.27 182 100.55 104.0 61.10 62.8 3945 412 526 17.78 0 1.9
S2 0.5 791 138 1.78 =0.737 4360 177.32 183 100.56 106.3 60.78 64.0 39.78 423 994 11.57 1 1
S3 0 808 1.55 1.78 —-0.737 14010 177.26 180 100.55 105.5 60.69 63.6 39.81 419 335 29.73 0 29
S4 0 617 =036 2.05 -0.956 12751 17792 18I 103.9 62.6 413 785 959 1 1

Bulgac et. al, PRL 116, 122504 (2016)
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Fission Dynamics

240
P

Fission of u at excitation energy Ex = 8.08 MeV

Neutron pairing gap (MeV) Proton pairing gap (MeV)

0.90
0.68
— 0.45
—0.23

— 0.00
Max: 1.2
Min: 1.4e-008

Neutron density (fm-3)
0.0900

0.0675
— 0.0450
— 0.0225

— 0.000
Max: 0.111
Min: 6.52e-011

Time= 0.000000 fm/c

0.70

0.52

—0.35

—0.17

—0.00
Max: 0.51
Min: 6.4e-012

Proton density (fm-3)
0.0700

0.0525

—0.0350

—0.0175

— 0.000
Max: 0.0816
Min: 1.84e-013
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Modeling of prompt fission neutron
and gamma properties
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CGMF

a CGM
= Monte-Carlo implementation of the de-excitation of
compound nuclei using the Hauser-Feshbach model
= Full treatment of neutron-gamma competition
= Phenomenological approach, many parameters from
experiment or systematics

» Monte-Carlo sampling of fission fragment yields
» (Monte-Carlo sampling of pre-fission neutrons)
» Parameterization of

1. fission yields (mass, charge, TKE)

2. TXE sharing between FFs

3. FF angular momenta

Y (A, Z, TKE, J,m; E,) ~ Y (A; E,)Y (Z|A)Y (TK E|A; E,)P(J)P(r)

12/18/17| 14
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Fission simulation

\%

S :

n(E,)*(A-1,2) Q’% A2 e (a2
o, ~——

Q Assumptions: AN ¢t
€ prompt fission products emitted from the fully accelerated ‘%
fragments A2 N\ (A22Z)"
€ no emission occurs during the evolution from saddle to scission (Av,.Z)
€ no emission at the neck rupture AN 2
\
0 Model:

= Consider fission fragments compound nuclei

= Model neutron and gamma emissions in Hauser-Feshbach
formalism

= Monte-Carlo: access to more quantities (e.g. average
multiplicities), correlations

PHYSICAL REVIEW C 87, 014617 (2013)

£

Monte Carlo Hauser-Feshbach predictions of prompt fission y rays:
Application to ny, + *¥U, ny, + *°Pu, and 2Cf (sf)

B. Becker,! P. Talou,>" T. Kawano,? Y. Danon,! and I. Stetcu?
'Gaerttner LINAC Laboratory, Rensselaer Polytechnic Institute, New York 12180, USA
2722 Nuclear Theorv Groun. Los Alamos National Laboratory. Los Alamos. New Mexico 87545. USA
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Hauser-Feshbach formalism

l

—_ ZM O ZA
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S S R SN S 2 v" Transmission coefficients computed
using an optical model
MC approach v' Density of states
Sn

_____ L Gamma emission probability:
— P(ey)dE < T (ey)p(Z, A, E — €y)

v Transmission coefficients calculated
from the gamma strength function
(Brink-Axel hypothesis)

| v Density of states

o 7 v' Discrete levels

: v" Branching ratios
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Neutron-induced fission schematics

Incident Generate yields
Neutron Multi-chance fission? = | from experiment /
Energy systematics

* generate emission neutron spectra (comp+preeq)
* sample the emission probability

* sample the pre-scission neutron energy

generate one fission pair
(residual energy after
neutron emission)

12/18/17| 17
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Multi-chance fission

COH-T —— |
COHD —— |

80 ¢ FREYA
’ ENDF
60 |

30 + first chance

>
>

2

(=}

E*

Fission forbidden Fission proceeds
3

Probability [%]
D W
S 3

second chance

0
10 2t third chance
: total ——— s |

23 (npn’f) ———- L
SU(n,D (n2nf) —— - l(5) L y

0 1 L Z 1
E 0 5 10 15 20

E, [MeV]

E, =14 MeV

o Double-hump fission barrier penetrability
calculations

| o Fission probabilities/barrier not observables

¥ | o Other fission observables sensitive to the

0 2 4 6 8 10 12 fission probabilities?
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TKE distribution

For each FF mass, assume a Gaussian distribution* given by TKE(A) and axg(A)

VIATKE 1 (TKE — TKE(A))2
ATRE) = ) " 2020 (A)
TKE TKE
2%y (n,f) average total fission fragment kinetic energy
(pre prompt neutron emission)
178 T T T I T T T I T T T
. 4 | 1.1
14
8 Hﬁm& 1 10s | i,
~ B Wiﬂ 7 1t Dgi; i".
AT it - > i ;v!!" 2
A Hiy * S 00|l
| \i\; ' E o9f 7 Buay o e 2 10l
S76|- ey o < S 2Ges) Tt 3
@ i ~ 0851 “ 238%((5 §) e %1 =
T l =) 250 o i i I
o I R M 0.8 235 U(th) He F 8
=L ] = 215U(1'69) E °
Sl ] 075 | UG07)
e | o Akimov et al. (1971) | 07 | TG4 6
g | |— <1=177.80-03489E, MeV) i ‘ Pu(th)
oL | 0.65 : : : : : 4L ‘ ‘ ‘ i
174 ! L | L 1 | L ! ! 110 120 130 140 150 160 170 120 130 140 150 160 170
2 4 6
Incident Neutron Energy E_ (MeV) A famu] Fragment Mass [amu]

+ use TKE(A) at thermal, rescaled to obtain TKE(E,,) from Madland

+« assume the slope fit by Madland holds for all fissioning systems (for a particular initial isotope)
% TKE(ny,) fitted within reasonable values to reproduce v; for other systems use systematics

% use o1ke(A) at thermal for all fissioning systems

* .
Needs corrections because of the Q value
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Mass and charge yields

Vogt et. al., PRC 85, 024608 (2012)

Cogmena sy sopwaon) ¥ (A3 Ep) = S(A En) + ) Sil(A; Bn)

wi(En) ox (A= A- Di(E,))? o _(A—jijlzf(En))Q SL(A;En)_NL(En>eXp (A- 47
g J ool ) 55)

27Tai(En)

Si(A; Ey) = 202(E,) 202(E,) V2o, 207

o'y 2Ny + 2Ny + Np, =2
02 Quadratic energy dependence
ZE\ 10°
T el _— %, | Inthe future we plan to use data from model
i 2Mey —— B simulations (Moller/Sierk/Bulgac)
10° ¥ 14 MeV —-—-- N
0.07 . -
006 (&) (=)
— 005 ¢
S
g 0.04
™ 003} . . . .
oo | Charge distribution:
001 t Zc )
0 ‘ ‘ 7, =A,—+AZ (Wahl Systematics)
80 100 120 140 160 p AC
A [amu]
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TXE sharing and angular momenta

TXE =Q¢(A1,Z1; An, Zn; Ae, Z.) — TKE
=M, + My — M.+ Eijn.+ Bn(Ae, Z.) — TKFE
17 P(J) o< (2J + 1) exp (=J(J +1)/(2B?))

T
e =2l T —=all (7 A,B)
I B 12 = Qlpig\ 4, A,

z I MCW, Ry(A) —a—
5 5¢ I J II
2 .t 17
5 . % % N 40 2.70e-03
S s
S 3 I ﬁ %'ﬁg; N, + 25U 23 2.40e-03
5 2f | ot L g 30 2.10e-03
2 21,0® S5 b=
5 40é 8§ 3sg, g 25 1.80e-03
“!"Ill' fge g 20 1.50e-03
0 120 125 130 135 140 145 150 155 160 E 1.20e-03
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o
. 210 .
R+(A) kept constant at all energies < | 6.00e-04
5 . 3.00e-04
1 ﬁ o )0 0.00e+00
‘ i 80 90 100 110 120 130 140 150 160
08 L “ gz ~ Fission Fragment Mass (amu)
;& 0.6 “‘
s ‘\ 1465,
= oal ‘ ’  a fitted to fine tune nubar below 2" chance fission
. | * energy dependence extended to 20 MeV
| |
0 | I L L L L
4 6 7 8 9 10 11

Excitation Energy (MeV)
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Forward propagation Qf"Q_Qt?..q.‘?f.----.. .

response

(O [0

02 02

6. ) \ow)

Bypass the complicated problem of
inverting the detector response function

|
=3

yeld[au)

0 | 2 T 4 5 6
PFG energy [MeV]

FIG. 16. PFG energy spectra K for the different multiplic-
ities M!, starting from 2 (top) to 16 (bottom). The mea-
sured spectra at DANCE (black markers /lines) are compared
to CCMF results (blue wbd lines) with a,;=1.3.
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Important considerations for y rays
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Selected gamma observables

" Oberstedt, 2013 =———
ENDF/B-VILI
Verbinski

Y spectrum [MeV'l]

107

25

Y spectrum [MeV'l]

€, [MeV]

Position of the peaks is determined by available nuclear structure information

Average y-ray multiplicity
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Entrance channel dependence
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High-energy y rays (> 8 MeV)
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ray spectrum [1/MeV]

» Sensitivity to level densities
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Multiplicity-dependent spectra
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Selected observables vs. incident
energy

5.50 1 1.15 - l
CGMF = mt c % -
500 r ENDF « X!X!X q\:} 1.10 } %%%%E . [ ]
450 | Khokhlov, 1994 . o A gﬁ‘“ . .
Boikov, 1991 —=— = )&- g st 1.05 ¢ !”#ﬁ”** Em
400 | mi e
> e = 100 |
350 - a m CGMF =
’ ’35 £ 0.95 g Frehaut,1982
300 k- S G . Bilnert/Oberstedt s=——e—
U(n,f) 2 " Verbinski, 1973 ~—s—
250 < 090,
M
2.00 0.85
0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
E, [MeV] E, [MeV]

172 T as : 170 ——

. U(n f) | 169 P2ty Pumph
= i = 168 ]
z 170 T E 167 4
é g 66 | L |
< 169 ] w1 LANSCE -

v Duke, 2015 —e— = 2 o6 | Madland
e Loveland, 2015 = L
168 - Madland, 2006 CGMF =
linear fit 1 to 5 MeV L 164 +
CGMF =

167 — 163 —

0 2 4 6 8 10 12 14 16 18 20 0 2 4 6 8 10 12 14 16 18 20
E, [MeV] E; . [MeV]

12/18/17| 28



Los Alamos National Laboratory

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA

Neutron multiplicity probability

035
030
025 1
0.20

Probability

0.15 |

0.10 103

0.05 v) ENDF/B-VII.1

(v)
- o= {1) ENDF/B-VII.0-3, 239 PU(n, f)
(u(v—1)) ENDF/B-VII.0-g,
~o- (U(v—1)(v—2)) ENDF/B-VIII.0-3;

Holden-Zucker, 1986 .
102} X CGMF e %41

035 /R\ CGMF —m—

Evaluation —e—

030
025
020

Probability

0.15

0.10 / L
P 101 f
005 ~

Factorial Moments of P(v)
.
LS

0.00 !
035 |
030
025
020
0.15
0.10
005
000"

5 10 15 20
Incident Neutron Energy (MeV)

Probability

Muliplicity
Multiplicity




Los Alamos National Laboratory

Operated by Los Alamos National Security, LLC for the U.S. Department of Energy's NNSA

Sensitivity to select parameters

Sensitivity to multi-chance fission prgtg)abilities
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Neutron Multiplicity (n/f)
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<v>(TKE)

« How much energy does it cost the

fragment to emit a neutron? CGMF A=110
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Neutron Angular Distributions

* Neutrons are focused along the fission
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Summary

» Theoretical approaches to fission fragment yields:
o Brownian motion
o Langevin model
o TD-SLDA

» Emission of prompt fission neutrons and gammas/ correlations (CGMF):
o De-excitation of fission fragments described within the Monte-Carlo Hauser-
Feshbach formalism
o Spontaneous (252Cf, 240Pu, 242Pyu) and neutron-induced fission up to 20 MeV (%3°U,
238, 239P, 241Pu)
Simple model for TKE and spin as a function of incident energy
Reasonable description of experimental data, but not everything
Incorporate input from models (Moller, Sierk, Bulgac)
Incorporated into transport simulations (part of MCNP)

o O O O
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